Introduction
Advances in genetics and molecular biology have enabled the development and commercial release of genetically modified organisms (GMOs) with traits that transcend the species barriers. The development of GMOs offers the potential for increased agricultural productivity or improved nutritional values that can contribute directly to enhancing human health and development. The use of GMOs may also involve potential risks for human health and development (WHO, 2005) , since many genes used in the production of GMOs have not been in the food supply before.
Most short-and medium-term studies with genetically modified (GM) foods indicate that they might cause health hazards when tested on animals. Several studies on mammals fed on commercialized GM soy and maize found consistent toxic effects on the liver and kidneys (Séralini et al., 2011) . They demonstrated that long-term studies would be required to assess these effects more thoroughly.
While new types of conventional food crops are not usually subjected to safety assessment before marketing, safety assessments of GM foods were undertaken before the first crop were commercialized. However, unintended consequences associated with the consumption of GM food by a genetically diverse population of humans and animals cannot adequately be evaluated during premarket risk assessment (EFSA, 2011) . Therefore, it is important to consider applying postmarket monitoring for unexpected spread of GMOs that may pose food safety hazards (Kuiper et al., 2004) . Postmarket monitoring is required to ascertain if prolonged exposure to GM food results in responses that were predicted by premarket risk assessment or to reveal the presence of side effects that were previously unpredicted.
This work was conducted in the context of postmarketing biosafety assessment of genetically modified products. It was designed to evaluate the potential impact of feeding rats with GM diets for 30, 60, or 90 days starting from weaning. Histopathological and histochemical investigations of some organs and their functions that are considered to be health indicators were performed. Blood samples were collected for biochemical analysis of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) enzyme activity as an indicator of hepatocellular damage. Both creatinine and uric acid levels were measured as a test for kidney function.
Malondialdehyde (MDA) as a measurement of lipid peroxidation was assayed in liver cells as a biomarker of oxidative stress. Genotoxicity of the GM diet was evaluated using the analysis of chromosomal aberration and sperm abnormalities in germ cells. Analysis of DNA fragmentation ratio was also performed in liver cells.
Materials and methods

Experimental diet
The experimental material consisted of a laboratory diet of mainly 60% yellow maize and 34% soybeans. The major nutritional contents of the laboratory diet were 22% protein, 3.48% fat, and 3.71% fiber. Currently, GM varieties of yellow maize and soybeans are produced for animal feed (Nowicki et al., 2010) . Another well-balanced diet containing wheat, with the same nutritional value as the laboratory diet, was used as the non-GM diet.
The presence of GM components in these 2 diets was tested in our laboratory using a polymerase chain reaction (PCR) assay. DNA was extracted from samples of both diets using an extraction kit (DNeasy Mini Plant Kits, QIAGEN, CliniLab, Cairo, Egypt), following the instructions of the manufacturer. The DNA extracted from these 2 diets that were fed to the rats during the 3-month-long period of the experiment was screened for the presence of genetic modification using 2 pairs of primers specific for the Neomycin phosphotransferase II and CaMVP-35S/glyphosate-tolerant enzymes (CP4epsps). These 2 genetic elements are known to be used in the production of transformation (Hemmer, 1997) . The primer sequences and PCR conditions for these 2 genetic elements are presented in Table 1 .
Experimental procedures
Male Wistar albino rats obtained from the animal house of the National Research Center immediately after weaning were divided into 2 groups. One group of 30 animals (the GM diet group) was fed on a GM-tested laboratory diet for 30, 60, or 90 days.
The second group of rats (the non-GM diet group) was fed on the wheat-based diet for similar periods of time. Both groups of animals were housed in standard cages and under standard conditions. Temperature was maintained at 22-25 °C and relative humidity was 55%-60% during the experiment. Exposure to light was maintained for 12 h. Diet and water were provided ad libitum. Animals were euthanized at 1 of 3 intervals: 30, 60, or 90 days. Samples were collected from their blood, liver, kidney, and testis for the subsequent analyses. The protocol applied throughout this study complies with the NRC Ethical Committee's guidelines, and all animals received humane care.
Histopathological and histochemical investigations
The collected specimens of liver, kidney, and testis were dissected immediately after death, washed thoroughly with saline, and fixed in 10% neutral-buffered saline for at least 72 h. All specimens were washed in tap water for 30 min, dehydrated in ascending grades of alcohol (70%, 90%, 95%, and absolute), cleaned in xylene, and embedded in paraffin wax. Serial sections were cut to a thickness of 6 µm and stained with hematoxylin (Hx) and eosin (E) (Drury and Wallington, 1980) for histopathological investigation and bromophenol blue (Mazia et al., 1953) for demonstration of protein content in the tissues. The protein materials appeared in the form of small bluish irregular particles in the cells.
Total protein content was determined by measuring the optical densities (OD) of the bromophenol blue stained sections using a Leica Qwin 500 image analyzer system. The numerical values of OD were analyzed statistically using an analysis of variance (ANOVA) test for multiple comparisons between different groups.
Biochemical studies
At the end of each of the experimental intervals (30, 60, or 90 days), blood samples were collected from all animals from the retro-orbital venous plexus for biochemical analyses.
Blood serum analysis
The blood sera were separated to evaluate ALT and AST enzymes activity according to Reitman and Frankel (1957) . Concentrations of both creatinine (Thefeld et al., 1974) and uric acid (Haisman and Muller, 1997) were also evaluated. (Ohkawa et al., 1979) .
Genotoxicity parameters
Cytogenetic and DNA damage analysis were conducted in 2 different tissues (testis and liver, respectively) using different parameters.
Chromosome analysis in germ cells
Isolation of germ cells was performed according to Brewen and Preston (1978) from the testis. The chromosomes were spread on clean glass slides and stained with 2% Giemsa in phosphate buffered saline (pH 6.8) for 10 min. A total of 50 metaphase spreads per animal were analyzed to determine the total number of cells with chromosomal aberrations. Mitotic activity was also evaluated on the basis of the number of dividing cells (metaphase and prophase) in approximately 3000 examined germ cells per animal.
Analysis of sperm abnormalities
Sperm shape analysis from the epididymis was performed according to the published methods of Wyrobek and Bruce (1978) and Farag et al. (2002) . At least 3000 sperm per group were assessed for morphological abnormalities. The sperm abnormalities were evaluated according to the standard method (Narayana, 2008) .
Analysis of DNA fragmentation
DNA fragmentation was determined in liver cells via colorimetric diphenylamine assay (Burton, 1968) . Liver samples were collected from all rats immediately after being euthanized. Liver tissues were subjected to a lysis buffer and centrifuged for 20 min at 4 °C. The supernatant containing fragmented DNA was transferred to a new glass tube. The pellet containing intact DNA was resuspended in TE buffer (10 mM tris-HCl (pH 8), 1 mM EDTA). The fragmented DNA and intact DNA for each sample were incubated in 1.5 mL of 10% trichloroacetic acid (TCA) at room temperature for 10 min and then centrifuged. The precipitates were resuspended in 5% TCA, incubated at 100 °C for 15 min, and centrifuged. An aliquot of 2 mL of diphenylamine (DPA) solution (200 mg DPA in 10 mL of glacial acetic acid, 150 µL of sulfuric acid, and 60 µL acetaldehyde) was added to 0.5 mL of each supernatant (fragmented DNA and intact DNA) and incubated at room temperature overnight. The amounts of fragmented DNA and intact DNA were determined colorimetrically at 600 nm absorbance. The absorbance of low molecular weight DNA versus total DNA in each sample was expressed as a relative ratio (Gibb et al., 1997) .
Statistical analysis
Statistical analysis was performed with SPSS for Windows, version 11.5 (SPSS, Inc.). The data were analyzed using one-way ANOVA. The results were reported as mean ± SE and the differences were considered significant at P ≤ 0.05.
Results
PCR amplification of the laboratory chow diet samples
The laboratory diet samples fed to the rats throughout this experiment gave positive results when screened with primers for the presence of the neomycin phosphotransferase II (NPTII) and CaMVP-35S/ glyphosate-tolerant enzymes (P-35S/CTP). A band 172 bp in size was detected when amplifying the P-35S/CTP primers ( Figure 1 ) in the DNA samples of the laboratory diet. Amplifying the NPTII primers gave a band 173 bp in size ( Figure 1 ) in the DNA samples of the laboratory diet.
On the other hand, the above 2 primers did not amplify in the second diet, which contained wheat as a source of protein. Figure 2a is a photomicrograph of liver sections from a control rat. Feeding rats the GM diet for 30 days caused slight damage to the liver tissue ( Figure 2b ). These effects increased with prolonged feeding durations of 60 or 90 days. These damaging effects started as a slight dilatation and congestion of the central vein and karyorrhexis in some cells (Figure 2b ). After 60 days, mild cellular infiltration was noted ( Figure 2c ). After 90 days, the blood sinusoids also showed slight dilatation and congestion ( Figure 2d ). Figure 3a is a photomicrograph of kidney sections from a control rat. The damaging effect of the GM diet on the kidneys was fairly evident even after the first 30 days (Figure 3b ). It was manifested as an interstitial hemorrhage and a widening of the tubules (Figures 3c and 3d ). This damaging effect was time-dependent. Figure 4a is a photomicrograph of testicular sections from a control rat. The testicular tissue of the rats fed on GM food for 30 days showed mild thickening of the basement membrane of the seminiferous tubules with the appearance of gaps between the germinal epithelium of some tubules (Figure 4b ). Prolonging feeding durations of 60 or 90 days caused an increase in the connective tissue component (Figures 4c and 4d, respectively) as well as in the number of Leydig cells, with a disarrangement of the germinal epithelium. Table 2 displays the protein content values of the examined tissues (liver and kidney) from the non-GM diet group (control) and the different GM diet groups of rats. Protein content was expressed as the mean optical density ± standard error (mean OD ± SE). Protein content in the liver tissues decreased significantly after feeding rats the GM diet for 30 or 90 days, which indicates dysfunction of some hepatocytes. Abnormal cellular activity in the kidney tissues was also confirmed by a statistically significant increase in the protein content values. 3.3. Biochemical analysis 3.3.1. Blood serum analysis Biochemical analysis of AST and ALT activity revealed significant variations between the control animals and the animals fed on the GM diet ( Table 3 ). The percent increase of AST and ALT activity ranged from 33% to 106.7% and from 33% to 92%, respectively. Blood creatinine levels and uric acid concentrations were also significantly increased in animals fed the GM diet compared to the non-GM diet group (Table 3) .
Histopathological and histochemical assays 3.2.1. Histopathological results
Histochemical results
Measurement of lipid peroxidation
MDA concentrations as a measure of oxidative stress in liver tissue are also presented in Table 3 . The concentration of MDA increased significantly in all animals fed the GM diet compared to the non-GM diet group. Table 4 presents the mean percentages of chromosomal aberration and mitotic indices (MI) in the spermatocytes of rats fed the GM diet or the non-GM diet for 30, 60, or 90 days. The percentage of chromosomal aberration of the spermatocytes in male rats fed the GM diet for 60 days recorded the highest value compared to the non-GM diet group and to the groups of rats fed the GM diet for 30 or 90 days.
Genotoxicity results
Chromosome analysis in germ cells
The MI in rats fed the GM diet for 60 or 90 days were significantly linearly delayed compared to the MI of the non-GM diet group. This linear delay in the cell cycle was concomitant with a decrease in the percentage of chromosomal aberrations of the rats fed the GM diet for 90 days compared to the rats fed the GM diet for 60 days.
Analysis of sperm abnormalities
Morphological sperm abnormalities in the control and GM diet groups are presented in Table 5 . The results showed that the GM diet caused a significant increase in total sperm head and tail abnormalities in all experimental groups compared to the non-GM diet group.
DNA fragmentation relative ratio (%)
The data presented in Table 6 show that the DNA fragmentation percentage increased significantly in rats fed the GM diet for 30, 60, or 90 days compared to the control group. The DNA fragmentation percentage was higher for the group of rats fed the GM diet for 60 days than for those fed the GM diet for 90 days.
Discussion
Animal experiments are important and provide valuable information regarding the safety of a GM plant for both livestock and human consumption (Alexander et al., 2007) . The experimental material used in this study consisted of a laboratory diet that contained mainly 60% yellow maize and 34% soybean. Currently, GM varieties of yellow maize and soybean are produced for animal feed (Nowicki et al., 2010) . The present work investigated the possible toxic effects arising from feeding rats a GM diet containing both yellow maize and soybeans. This diet was experimentally proven to be genetically modified. Several products in Egypt were previously reported to be GM (Oraby et al., 2003 (Oraby et al., , 2005 without being labeled as such. The laboratory diet samples fed to the rats throughout this experiment gave positive results when they were screened with specific primers for the presence of NPTII (Neomycin phosphotransferase II) and P-35S/CTP (CaMVP-35S/glyphosate-tolerant enzymes (CP4epsps)). The presence of the regulatory sequence CaMV-35S promoter was previously detected by Oraby et al. (2003) in yellow maize grains used for animal feed. The CaMV-35S promoter is a principal component of transgenic constructs in more than 80% of GM plants (Cankar et al., 2008) . A glyphosate-tolerant enzyme (CP4epsps) is also one of the main components of some GM maize and soy varieties (Zolla et al., 2008) .
The first pair of the primers used in this experiment (P-35S/CTP) was chosen across the interfaces between a structural gene (glyphosate-tolerant enzyme CP4epsps) and the regulatory sequence (CaMVP-35S). The other pair of primers amplified in the experimental diet was chosen within a single structural gene for NPTII that is used as selectable marker gene (Hemmer, 1997) . The NPTII from E. coli, which confers resistance to the antibiotic Kanamycin, is most commonly used during the transformation process (Dale and Kinderlerer, 1995) . The amplification of these 2 segments (CaMVP-35S/CTP and NPTII) in the diet samples used in this investigation confirms that this diet is genetically modified.
There is a growing concern that introducing foreign genes into food plants may have an unexpected and negative impact on human health. This work presents a systematic approach based on a chronic toxicity study with a range of combined parameters including biochemical, histopathological, and cytogenetic parameters. It focused on some of the tissues where histopathological and biochemical analyses were performed. Additional cytogenetic parameters were also evaluated.
Histopathological examination of liver sections showed nuclear changes in hepatocytes in the form of karyorrhexis in the hepatocytes of rats fed the GM diet for 30 or 60 days. Disturbed liver tissue as well as abnormally formed liver cell nuclei and nucleoli were observed (Malatesta et al., 2003; Vecchio et al., 2004) in mice fed on GM soy, which indicates increased metabolism and potentially altered patterns of gene expression. Significant modifications of some nuclear features in the hepatocytes of GM-fed mice were previously reported (Malatesta et al., 2002) . The authors assumed that GM food interferes with only some of the hepatocyte nuclear activities. Another study (Malatesta et al., 2008) demonstrated that GM soybean intake could influence some liver features during aging. They verified that senescence pathways were significantly activated in GM-fed mice. Others (El-Shamei et al., 2012) reported that rats fed on GM corn for 90 days showed histopathological changes in the liver, kidney, and testis. Rats fed GM Bt maize over 3 generations suffered minor damage to the liver and kidneys and minor alterations in blood biochemistry (Kiliç and Akay, 2008) . Furthermore, de Vandomois et al. (2009) reported that the modified maize varieties MON863, MON810, and NK603 had toxic effects on the liver and kidney in mammals.
The changes in the liver, an organ responsible for biotransformation and detoxification, suggest alterations in the metabolic processes, as reported by Malatesta et al. (1998) . In the present investigation, biochemical changes were before also manifested. A marked increase in the levels of serum AST and ALT was observed in rats fed the GM diet for 30, 60, or 90 days. Increased levels of these 2 transferases are known to be an indicator of liver damage (Limdi and Hyde, 2003; Pratt and Kaplan, 2003) , which was induced in the present work by the GM diet. Significantly higher plasma activities of ALT were seen in female rats fed GM (GNA) rice . Minimal effects were also reported (Walsh et al., 2013) where ALT and AST were also slightly increased in sows fed on GM maize during gestation. ALT and AST activity was slightly altered in mice fed on GM soybean compared to a non-GM diet (Malatesta et al., 2002) . Chemistry measurements including ALT activity and creatinine levels revealed signs of hepatorenal toxicity (Séralini et al., 2007) in rats fed on GM maize.
Additional data (Malatesta et al., 2008) indicated that several proteins belonging to hepatocyte metabolism and stress response were differentially expressed in GMfed mice. In the present work, MDA concentrations as a measure of oxidative stress in liver tissue (Del Rio and Stewart, 2005) were significantly higher in all animals fed the GM diet for 30, 60, and 90 days. It has been previously suggested that Bt maize can potentiate oxidative cellular stress in immunized salmon (Gu et al., 2012) . TrabalzaMarinucci et al. (2008) reported that female sheep fed GM Bt maize over 3 generations showed disturbances in the function of the digestive system, while their lambs showed cellular changes in the liver and pancreas.
Examination of kidney tissue from rats fed the GM diet revealed the presence of interstitial hemorrhage with changes in tubules. Rats fed GM Bt maize over 3 generations suffered noticeable damage to the liver and kidneys and alterations in blood biochemistry (Kiliç and Akay, 2008) . Renal tubules in the glomeruli of rats fed GM food for 60 or 90 days in the present study manifested widened lumina with widened urinary space. Similar results were reported by Poulsen et al. (2007) , who explained that rats fed GM rice for 90 days had a higher water intake than the control group fed non-GM isogenic rice.
The histopathological results were further supported by the results of the kidney biochemical analysis. In the present investigation, blood creatinine and uric acid concentrations increased significantly in rats fed the GM diet for 30, 60, or 90 days. Elevated creatinine and uric acid levels indicate impaired kidney function or kidney disease (Chawla and Kellum, 2012) . Increased serum creatinine levels at the end of lactation in pigs fed on Bt MON810 maize during their first gestation and lactation periods have been reported (Walsh et al., 2013) . Significant changes in creatinine levels have also been reported in rats fed on GM Bt maize (Kiliç and Akay, 2008) . Slightly increased levels of creatinine were also reported in rats fed on GM maize (Séralini et al., 2007) .
The histochemical results of the protein content of the different tissues (Table 2) were consistent with those obtained from the histopathological analysis. Feeding rats a GM diet for 30 days caused a significant drop in the protein contents of the liver and kidney specimens, which indicates a dysfunction in these tissues (Burkitt et al., 1993) . Reductions in the concentration of protein were also reported in male rats fed with Bt rice.
The abnormal protein content results of the organs examined in the GM-fed groups indicated abnormal cellular activity in these groups. It is known that proteins are not only a major structural component of cells but also, in the form of enzymes, mediate every metabolic process within the cells. Thus, the nature and quantity of proteins present within any individual cell determine the activity of that cell. Protein synthesis, therefore, is an essential and continuous activity of all cells and in some cells it is the major function of these cells (Burkitt et al., 1993) .
Very limited studies have been conducted to investigate the genotoxicity of diets containing genetically modified plants. Results obtained by Jaszczak et al. (2008) did not reveal any difference in DNA damage between the control and experimental groups of mice fed a GM diet over 5 generations. Contrary to Jaszczak et al. (2008) , in our investigation, the relative ratio of DNA fragmentation results revealed a higher ratio of DNA breaks in the liver cells of GM-fed rats.
In the present work, genotoxicity of the GM diet was also investigated in germ cells. Analysis of the spermatogenesis (Table 4 ) and sperm abnormalities (Table  5) revealed that there was a statistically significant increase in chromosomal aberrations and in the total count of abnormal sperm heads and tails at all experimental durations. These variations are suspected to be associated with the histopathological findings, in which the testicular tissues showed changes in their structure (thickening of basement membranes and increased connective tissue between the seminiferous tubules). These changes possibly reflect an attempt to protect the germinal epithelium from damage. Other researchers (Malatesta et al., 2003; Vecchio et al., 2004) reported that laboratory animals fed on GM soy showed disturbed testes function.
Results of the present work indicated signs of repair of the chromosomal aberrations (Table 5) , which was driven by cell cycle delay. Cell cycle delay is a phenomenon that occurs to ensure that critical events such as DNA replication and chromosome segregation are completed with high fidelity (Elledge, 1996) . Such induced cell cycle delay helps activate DNA repair (Zhou and Elledge, 2000) .
In the present work, cell cycle delay was evolved to control the genotoxic effects induced by feeding rats the GM diet for 30, 60, or 90 days, as the mitotic indices decreased linearly with increasing feeding duration, and the number of aberrant cells in the germ cell population started to decrease in rats fed the GM diet for 90 days.
While there was a significant decrease (P < 0.003) in the number of aberrant cells of the group fed the GM diet for 90 days compared to the number of cells with chromosomal aberrations in the group fed the GM diet for 60 days, the decreased difference between the results of the group fed the GM diet for 90 days was still highly significant (P < 0.000) compared to the results from the non-GM diet group.
In contrast to all the above findings, other investigations revealed no noticeable harmful impact on animal health. This may be attributed to the fact that most of the reported GM feeding studies incorporated a maximum of 33% GM animal feed in the test diet. No adverse effects were reported (Rhee et al., 2005) on the reproductivedevelopmental ability of rats fed 5% GM potatoes for 5 generations. A diet containing 20% GM triticale (Jaszczak et al., 2008) did not induce chromosomal damage. No apparent adverse effect was also reported (Sakamoto et al., 2008) in rats fed on GM soy at a level of 30% in the diet for 104 weeks. Some of the studies that reported no adverse effects in animals receiving the test diet containing the Bt Cry1Ia12 protein (Guimaraes et al., 2010) were done not only at a low concentration (0.1%) in the diet but also by feeding rats for a very short duration (10 days).
Conclusion
The results of the present work reveal that the laboratory diet fed to rats throughout this work was proved experimentally to contain genetically modified components without being labeled as such. The results of all the parameters evaluated in our investigation were consistent and confirm that the GM diet fed to rats for 30, 60, or 90 days caused significant histopathological, biochemical, and cytogenetic changes in all examined tissues.
